In the cycling human endometrium, the expression of interstitial collagenase (MMP-1) and of several related matrix metalloproteinases (MMPs) follows the late-secretory fall in sex steroid plasma concentrations and is thought to be a critical step leading to menstruation. The rapid and extensive lysis of interstitial matrix that precedes menstrual shedding requires a strict control of these proteinases. However, the mechanism by which ovarian steroids regulate endometrial MMPs remains unclear. We report here that, in the absence of ovarian steroids, MMP-1 expression in endometrial fibroblasts is markedly stimulated by medium conditioned by endometrial epithelial cells. This stimulation can be prevented by antibodies directed against interleukin 1alpha (IL-1alpha) but not against several other cytokines. Ovarian steroids inhibit the release of IL-1alpha and repress MMP-1 production by IL-1alphastimulated fibroblasts. In short-term cultures of endometrial explants obtained throughout t...
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Matrix metalloproteinases constitute a family of enzymes that together can degrade most extracellular matrix proteins (2, 3) . Recent work strongly indicates that MMPs are involved in the cyclic alterations of endometrial tissue that occur during the reproductive years (4) (5) (6) (7) (8) (9) (10) (11) .
Three lines of evidence suggest that MMP-1 plays a crucial role in the lysis of interstitial matrix that initiates menstruation. (i) MMP-1 expression in the endometrium is strictly confined to the perimenstrual phase (5, 11) . (ii) It is limited to fibro-blasts of the functional layer, where its focal expression matches remarkably well with areas of matrix breakdown. Furthermore, the prominent MMP-1 expression at the periphery of shed fragments marks the planes of tissue cleavage (8) .
(iii) Whereas culturing endometrial explants in the absence of ovarian steroids leads to MMP-1 expression and extensive tissue lysis, selective pharmacological inhibition of MMPs is sufficient to fully preserve the tissue integrity of such explants (12) .
Suppression of MMP-1 expression in endometrial explants by the addition of physiological concentrations of 17␤estradiol and progesterone provides a good explanation why in vivo MMP-1 is exclusively detected just before and during the menstrual phase [i.e., when sex steroid concentrations are lowest (4) ]. Furthermore, foci of MMP-1 expression and menstrual breakdown show a clear inverse relation with the occurrence of sex steroid receptors. In areas where endometrial glands are devoid of progesterone receptors, the periglandular distribution of MMP-1-producing cells is particularly striking (8, 13) . This observation and the fact that not all stromal cells without detectable estrogen and progesterone receptors express MMP-1 suggest a paracrine interaction between epithelium and adjacent stromal cells.
We have used cultures of epithelial and stromal cells isolated from human endometrium to explore the contribution of paracrine interactions in the regulation of MMP-1 expression by ovarian steroids. Epithelium-derived interleukin 1␣ (IL-1␣) was identified as the key paracrine stimulator of MMP-1 production in endometrial fibroblasts in the absence of ovarian steroids. This stimulation was abolished by physiological concentrations of ovarian steroids. The in vivo relevance of these findings was further supported by an extensive release of IL-1␣ from short-term cultures of endometrial tissue explants, which occurred only when tissues had been sampled around the menstrual phase.
MATERIALS AND METHODS

Cultures of Endometrial Cells and Tissue Explants.
Essentially pure fibroblasts and highly enriched epithelial cells were isolated from endometrial tissues using techniques previously described (14, 15) . In brief, fresh endometrial biopsies were washed in PBS and digested with 400 units͞ml of Collagenase A (Sigma) at 37°C for 45 min. Epithelial glands and fibroblasts were then separated by sequential filtration through nylon meshes with pore sizes of 300 m and 35 m, respectively.
Fibroblasts were directly plated into culture flasks and washed with PBS after 1 h. Epithelial glands were allowed to sediment twice before trypsin treatment, and the resulting suspension of dissociated epithelial cells was plated either in gelatin-coated Millicell-CM inserts (Millipore) or directly in cell culture plates, with comparable results. Purity of cell populations was assessed by immunolabeling of vimentin and cytokeratin. Separated cocultures were allowed to exchange soluble constituents by placing inserts containing epithelial cells on cell culture plates containing confluent monolayers of fibroblasts. Endometrial tissue explants obtained throughout the menstrual cycle from patients with non-endometrial pathologies were histologically dated and cultured in inserts at the interface between air with 5% CO 2 and culture medium. Cells were cultured in DMEM͞Ham F12 and tissue explants in DMEM. All culture media contained 100 units͞ml penicillin, 100 g͞ml streptomycin, 0.25 g͞ml amphotericin B, and 0.3 M 2hydroxypropyl-␤-cyclodextrin (Sigma) and were devoid of serum and phenol red. Where indicated, culture media were supplemented with 100 nM progesterone and 1 nM 17␤estradiol (referred to as ''with ovarian steroids'' or as ''ϩH''), which were added in water-soluble complexes with 2hydroxypropyl-␤-cyclodextrin (Sigma). Medium conditioned by epithelial cells for 24 h [conditioned medium (CM)] was added to confluent fibroblasts either directly or after preincubation with 10 g͞ml anti-IL-1␣, 10 g͞ml anti-tumor necrosis factor ␣ (TNF␣), 10 g͞ml anti-IL-1␤, 10 g͞ml anti-platelet-derived growth factor B (PDGF-B), or 100 g͞ml anti-epidermal growth factor (EGF) polyclonal antibodies (R & D Systems) for 1 h at 20°C. Recombinant human IL-1␣ (rhIL-1␣) and recombinant human IL-1 receptor antagonist (rhIL-1Ra) were purchased from R & D Systems.
Collagenase Assay. Total collagenase activity was determined in culture supernatants activated by 2 mM aminophenylmercuric acetate for 2 h at 37°C and measured by the ability to degrade [ 3 H]acetylated collagen in solution at 25°C. One unit of collagenase is defined as the amount of enzyme that degrades 1 g of soluble collagen per minute (16) . Antibodies directed against MMP-1 abolished measurable collagenase activities in media conditioned by endometrial explants, indicating that other collagenases such as MMP-8 and MMP-13 did not contribute to the collagenolytic activity in this assay (E.M., P.L, C.F.S., P.J.C., and Y.E., unpublished data).
RNA Extraction and RNase Protection Assay. Total RNA was isolated as previously described (17) . 32 P-labeled probes were synthesized by in vitro transcription according to the manufacturer's protocol (Promega) using linearized MMP-1 cDNA (gift from H. Nagase, Kansas University, Kansas City, KS) and 36B4 cDNA (gift from K. J. Cullen, Georgetown University, Washington, DC) as a template. Twenty micrograms of total RNA was incubated with 8 ϫ 10 5 cpm of radiolabeled MMP-1 probe, 1.5 ϫ 10 5 cpm of radiolabeled 36B4, and 30 l of hybridization buffer [40 mM PIPES, 0.4 M NaCl, 0.1 M EDTA, and 80% (vol͞vol) formamide] for 12 h at 50°C. Remaining single-stranded RNA was digested for 30 min at 25°C with 40 g͞ml RNase A (Sigma), after which the enzyme reaction was stopped by treatment with 0.05% (vol͞ vol) SDS and 0.25 g͞l proteinase K. Proteins were subsequently removed by phenol-chloroform extraction. The remaining double-stranded RNA was precipitated with ethanol, dried, and resuspended in a loading buffer containing 80% (vol͞vol) formamide. Samples were boiled for 5 min and loaded onto a 6% polyacrylamide sequencing gel. An x-ray film was exposed to the dried gel for 2-4 days. The autoradiogram was scanned and signal intensities were analyzed using NIH 1.59 (National Institutes of Health) software.
IL-1␣ ELISA. Human IL-1␣ concentrations were determined in microtiter plates by an immunoassay (R & D Systems). Optical densities were read in a Titertek Multiscan MCC 340 spectrophotometer (Flow Laboratories). The indicated values of added rhIL-1␣ represent effective concentrations as determined by ELISA. These concentrations required the addition of 10 times higher nominal amounts to the culture medium. explore paracrine interactions in the regulation of MMP-1 by ovarian steroids, human endometrial stromal and epithelial cells were purified and maintained in mono-or cocultures. Whereas little or no collagenase activity could be detected in monocultures, mixed cocultures produced considerable collagenase activities in the absence of ovarian steroids. When fibroblasts were physically separated from epithelial cells by a permeable membrane, which permitted free exchange of medium (''separated cocultures''), or when monocultures of fibroblasts were incubated with a medium that had been conditioned by epithelial cells, collagenase was similarly induced. Collagenase induction in separated cocultures was suppressed by addition of physiological concentrations of ovarian steroids (Fig. 1A) .
RESULTS
Epithelial Cells Induce MMP-1 Production by Endometrial Fibroblasts via IL-1␣-Mediated Paracrine Stimulation. To
The capacity of media conditioned by epithelial cells to induce the production of interstitial collagenase by stromal cells was decreased by more than 80% after preincubation with blocking antibodies against IL-1␣, a cytokine expressed in the human endometrium (18) . By contrast, antibodies against tumor necrosis factor ␣, EGF, PDGF-B, or IL-1␤, which are cytokines that can stimulate MMP-1 production in cultured fibroblasts or endometrial stromal cells (refs. 19-24; data not shown), were unable to significantly affect MMP-1 induction by epithelial cell-conditioned media (data not shown). Combination of blocking antibodies against IL-1␣, tumor necrosis factor ␣, and EGF did not decrease MMP-1 production further than neutralization of IL-1␣ alone (Fig. 1B) , arguing against a synergistic action of these cytokines.
Regulation of MMP-1 Expression in Endometrial Fibroblasts by IL-1␣ and Ovarian Steroids.
The time course of MMP-1 mRNA and protein expression in response to rhIL-1␣ was next established by RNase protection assays and by enzyme assays. MMP-1 mRNA expression in endometrial fibroblasts began within 6 h and leveled off after 24 h of exposure to rhIL-1␣ ( Fig. 2A) . The rise in enzyme secretion was delayed by 6-12 h. Maximal response was achieved at rhIL-1␣ concentrations between 10 and 100 pg͞ml (Fig. 2B) ; comparable collagenase activities were elicited by media conditioned by epithelial cells (Fig. 1B) . The rhIL-1␣-induced MMP-1 production was inhibited by the addition of rhIL-1Ra (25) , indicating that the signal was transmitted through the type I IL-1 receptor (data not shown).
We then investigated whether physiological concentrations of ovarian steroids could suppress MMP-1 production in fibroblasts despite ongoing stimulation by IL-1␣. In IL-1␣stimulated fibroblasts, addition of 1 nM 17␤-estradiol and 100 nM progesterone to the culture medium essentially suppressed MMP-1 production (Fig. 3, lane 4) when compared with fibroblasts that were maintained in the presence of IL-1␣ alone (Fig. 3, lane 3) . In the presence or absence of IL-1␣, the addition of ovarian steroids further inhibited MMP-1 production to levels lower than in nonstimulated fibroblasts (Fig. 3 , lanes 2 and 4 versus lane 1; P Ͻ 0.05, Student's t test).
IL-1␣ Release from Endometrial Explants Correlates with MMP-1 Production and Is Inhibited by Ovarian Steroids.
During the first 24 h of culture, endometrial explants closely resemble endometrial tissue in situ, both with respect to preservation of tissue integrity and to MMP-1 expression (11, 12) . To analyze IL-1␣ release along the menstrual cycle, its concentration was measured in conditioned media collected after the first day of culture of endometrial explants from biopsies sampled throughout the cycle. In such media, IL-1␣ was barely detectable from the early proliferative to the mid-secretory phase. By contrast, samples obtained during the late-secretory and the menstrual phase released large amounts of IL-1␣ (Fig. 4A) , and the resulting IL-1␣ concentrations correlated with collagenase activity in the corresponding media (r ϭ 0.83, P Ͻ 0.005). High amounts of IL-1␣ were also frequently released when endometrial explants obtained from the proliferative to the mid-secretory phase were cultured for Ն48 h without added ovarian steroids. This enhanced IL-1␣ release was abolished if ovarian steroids had been added to the culture (Fig. 4B) , as was the secretion of MMP-1 (data not shown), thereby being in agreement with previous reports (4, 7, 11) .
DISCUSSION
In the cycling human endometrium, synthesis and degradation of extracellular matrix essentially alternate. This is in contrast to other tissues, where both processes take place concomi- tantly and where matrix steady-state is determined by their balance. The alternance of synthesis and degradation in the endometrium is exemplified by the pattern of MMP-1 expression. This proteinase is absent during the proliferative and most of the secretory phase, when interstitial matrix is synthesized. Just before and during the ensuing menstrual phase, the abrupt and strong expression of MMP-1 is thought to initiate the disruption of fibrillar matrix that leads to menstruation (4). This all-or-none response of the human endometrium provides a particularly convenient model to study the physiological regulation of extracellular matrix breakdown. In this report, mono-and cocultures of endometrial fibroblasts and epithelial cells were used to analyze how the production of MMP-1 in endometrial fibroblasts is controlled by ovarian steroids. In the absence of 17␤-estradiol and progesterone, MMP-1 expression in endometrial fibroblasts depended on paracrine stimulation from epithelial cells, and IL-1␣ could be identified as the key physiological inducer. Other cytokines, such as tumor necrosis factor ␣, PDGF-B, EGF, or IL-1␤, were not found to participate in the paracrine regulation of MMP-1. Recently, epithelium-derived IL-1␣ has also been reported to induce MMP-1 production in corneal fibroblasts (26) .
Admittedly, a two-cell-type coculture is a simplified model to investigate complex interactions in a tissue. It does not, for example, take into consideration cytokines released from blood-derived inflammatory cells (27) nor the contribution of factors present in the extracellular matrix itself (28, 29) . However, both the identical pattern of IL-1␣ and MMP-1 release after short-term cultures of explants collected throughout the cycle and the strong inhibition by ovarian steroids of IL-1␣ release in longer cultures of explants point to a crucial involvement of IL-1 ␣ in vivo.
IL-1␣ is known to be such a potent cytokine, that the occupancy of only a few type I IL-1 receptor molecules per cell can result in considerable responses in vivo and in vitro (reviewed in ref. 30) . It is, however, quite possible that autocrine signals modulate MMP-1 expression in addition to the paracrine stimulation by epithelium-derived IL-1␣. For example, an extracellular autocrine IL-1␣ loop is required to render early-passage rabbit corneal fibroblasts competent for collagenase gene expression (31) . Even intracellularly active proIL-1␣ has been found in human epithelial cells (32) , where it might act as an intracellular messenger (33) . Autocrine stimulation by stromal-cell-derived IL-1␣ that is exerted through an extracellular or intracellular pathway might explain the low levels of MMP-1 observed in some unstimulated fibroblast monocultures. However, the mechanism of extracellular IL-1␣ release as well as its putative intracellular action remain obscure (30) . Alternatively, transforming growth factor type ␤, a growth factor released by endometrial fibroblasts in response to progesterone, can suppress the expression of matrilysin in neighboring epithelial cells (34) . It is thus conceivable that fibroblast-derived transforming growth factor type ␤ also inhibits MMP-1 secretion via an autocrine mechanism. Ultimately, MMP-1 expression in endometrial fibroblasts is silenced by ovarian steroids, and the presence of estrogen and progesterone receptors in the endometrium is therefore a key element in this response. The expression of both receptors is up-regulated by estrogen priming during the proliferative phase and peaks around the middle of the cycle. The total concentration of both receptors then decreases during the secretory phase to reach a minimum around menstruation (35) . Immunohistochemical studies have further revealed that the pattern of estrogen-and progesterone-receptor distribution among different cell types varies throughout the cycle. In particular, during the late secretory phase, progesterone receptors disappear from glandular epithelial cells but not from stromal cells (36, 37) .
We have recently found an inverse relation between areas of ovarian-steroid-receptor detection and foci of MMP-1 expression in biopsies obtained during the menstrual phase. In these foci, the amount of estrogen receptors in fibroblasts and epithelial cells was low, but still detectable. Progesterone receptors were similarly decreased in stromal cells that produced MMP-1 but remarkably were not detectable in neighboring epithelial cells (8) . During the perimenstrual phase, when both the plasma concentrations of ovarian steroids and the expression of their receptors in fibroblasts are minimal, the level of occupied receptors should thus fall below a threshold at which it is no longer sufficient to suppress MMP-1 production in these cells. At the same time, the disappearance of progesterone receptors and the minimal residual content of estrogen receptors in glandular epithelium should render these cells unresponsive to the low concentrations of 17␤-estradiol and progesterone, thus allowing for the release of the potent MMP-1 inducer IL-1␣.
Taken together, these observations suggest a powerful mechanism through which ovarian steroids silence MMP-1 expression. During the proliferative and most of the secretory phase, these steroids provide a dual block, acting both upstream by inhibiting IL-1␣ release from epithelial cells and downstream by directly suppressing MMP-1 production in fibroblasts. Following the decline of ovarian steroids and their receptors during the late secretory phase, IL-1␣ is released and quickly induces MMP-1 production via paracrine stimulation. Upon activation, this enzyme cleaves the fibrillar collagens that make up the framework of interstitial matrix, thus initiating the shedding of endometrial tissue.
